As a new soil improvement method, adding nano-bentonite can enhance the engineering properties of soil. To study the stabilization effect of nano-bentonite on soil consolidation properties, a series of one-dimensional odometer tests were conducted on a clayey soil with different nano-bentonite mixing contents (i.e., 0.5%, 1%, 1.5%, and 2%). The effects of nano-bentonite on the coefficient of consolidation and permeability of the test soil were analyzed. The results show that adding a certain amount of nano-bentonite does not significantly affect the original consolidation characteristics of soil samples, but displays a notable effect on accelerating water drainage. Among all the soil samples, when the nano-bentonite mixing content is 0.5%, the final compression amount is the largest and the final void ratio is the smallest. The coefficients of consolidation and permeability increase with increasing nano-bentonite mixing content under high stress state. The test results indicate that nano-bentonite can facilitate internal cementation of soil particles, which effectively reduces the compressibility of clayey soil.
Introduction
Natural clayey soils rarely meet the requirements of modern geotechnical engineering projects in terms of bearing capacity of their foundations. As more and more high-rise buildings and massive structures are being built in developing countries such as China, effectively improving the strength and stiffness of a natural clay foundation is urgently required in geotechnical engineering practices. Vidal first proposed the concept of soil modification in the 1960s [1] . This technology has been developed rapidly and is now widely used in roadbeds, retaining walls, anti-seismic infrastructures, and other fields [2] [3] [4] .
In general, a variety of reinforcing or treatment materials can be added to foundation soils to modify or improve their strength and deformation properties [5] [6] [7] [8] [9] . Such materials are divided into three types: inorganic binders, ionic soil stabilizing agents, and composite curing agents. Among various solidified materials, inorganic binders (e.g., cement, lime, fly ash, and their mixtures) are widely used for chemical modification of soils [10] . When inorganic binders are mixed in the soil, hydrolysis, hydration, and ion exchange occur. For instance, the addition of cement will increase the cohesion between soil particles, and greatly reduce the void ratio, improving the structural strength. However, the use of cement to reinforce soil is limited by the soil type. Because the organic matter of nano-montmorillonite on the electro-osmosis and mechanical properties of soil [28] . It is found that nano-montmorillonite can effectively improve the shear strength of soil, but has no effect on the electro-osmosis drainage of soil. As an anti-seepage cushion material, under a larger engineering load, nanomaterial-modified clay inevitably produces certain compression deformation, which affects the anti-seepage and anti-fouling performance. In addition, the replacement of cement by clay offers lower life-cycle carbon footprint as clay is a natural resource. Therefore, this can result in reduced emissions of CO 2 and is a more sustainable approach compared with soil-cement solidification [29] [30] [31] [32] .
In this paper, a series of one-dimensional (1D) consolidation tests were conducted on clayey soil with different nano-bentonite mixing contents. Based on the test results, the compression, consolidation, and permeability characteristics of the soil samples after adding nano-bentonite were systematically investigated.
Materials and Methods

Test Materials
The soil samples used in this experiment were collected at the depth of 2 m along the Yangtze River in Qixia District, Nanjing, China. The basic physical and mechanical parameters of the soil are listed in Table 1 . The grain size distribution was determined by sieve analysis and hydrometer analysis, which is shown in Figure 1 . The natural moisture content was obtained by using the drying method. The liquid and plastic limit tests were conducted in accordance with ASTM standard D4318. By performing standard Proctor compaction tests according to ASTM standard D698, the optimum moisture content and maximum dry unit weight of the soil were obtained. According to the Classification and codes for Chinese soil (GB/T 17296-2009) [33] , the test soil is classified as silty clay with medium plasticity. In order to study the mineral composition in the soil, X-ray Diffraction (XRD) analysis of the soil sample were carried out. As shown in Figure 2 , the mineral components in the test soil are mainly composed of quartz, kaolin, montmorillonite, muscovite, illite, chlorite, and calcite. Some clay minerals will absorb water during the test, which leads to a decrease in the soil permeability. but has no effect on the electro-osmosis drainage of soil. As an anti-seepage cushion material, under a larger engineering load, nanomaterial-modified clay inevitably produces certain compression deformation, which affects the anti-seepage and anti-fouling performance. In addition, the replacement of cement by clay offers lower life-cycle carbon footprint as clay is a natural resource. Therefore, this can result in reduced emissions of CO2 and is a more sustainable approach compared with soil-cement solidification [29] [30] [31] [32] .
Materials and Methods
Test Materials
The soil samples used in this experiment were collected at the depth of 2 m along the Yangtze River in Qixia District, Nanjing, China. The basic physical and mechanical parameters of the soil are listed in Table 1 . The grain size distribution was determined by sieve analysis and hydrometer analysis, which is shown in Figure 1 . The natural moisture content was obtained by using the drying method. The liquid and plastic limit tests were conducted in accordance with ASTM standard D4318. By performing standard Proctor compaction tests according to ASTM standard D698, the optimum moisture content and maximum dry unit weight of the soil were obtained. According to the Classification and codes for Chinese soil (GB/T 17296-2009) [33] , the test soil is classified as silty clay with medium plasticity. In order to study the mineral composition in the soil, X-ray Diffraction (XRD) analysis of the soil sample were carried out. As shown in Figure 2 , the mineral components in the test soil are mainly composed of quartz, kaolin, montmorillonite, muscovite, illite, chlorite, and calcite. Some clay minerals will absorb water during the test, which leads to a decrease in the soil permeability. The nanomaterial used in the experiments was high-purity nano-bentonite. It is a kind of fine white powder with high hydrophilicity and a large specific surface area (SSA). This nano-bentonite is produced by Zhejiang Fenghong New Material Co. Ltd. (Huzhou, China). The properties of the nano-bentonite are as follows: the specific gravity is 1.8; over 97% of soil particles are smaller than 74 µm; the bulk density is less than 0.3 g/cm 3 ; the SSA is 750 m 2 /g; the Cation Exchange Capacity (CEC) is 90 mol/100g; the interlayer spacing d001 determined using XRD is 2.2 nm.
Test Method
Four nano-bentonite mixing contents (0.5%, 1%, 1.5%, and 2%, w/w) were selected in this study. These four percentages were determined referring to the literature on soil stabilizing methods [34] . The preparation method of the soil sample was as follows: the air-dried soil sample was crushed and sieved through a 2-mm sieve. Then, the nano-bentonite, as set above, was evenly mixed with the soil. After the nano-bentonite was dispersed, de-aired water was added to the soil sample, which was packed in a plastic bag and placed in the humidifier for 24 h to distribute the water evenly in the soil sample. The static compaction method was used for preparing the soil samples at the maximum dry density. The soil samples were then fully saturated in a vacuum chamber. Afterward, the 1D consolidation test was conducted according to ASTM standard D2435.
The instrument used in the tests was the WG-1C triple high-pressure oedometer, produced by Nanjing Ningxi Soil Instrument Co. Ltd. (Nanjing, China). The cross-sectional area of the sample was 30 cm 2 and the height was 2 cm. The multi-stage loading method was adopted with double drainage condition. The load sequence of the consolidation test was 25 kPa, 50 kPa, 100 kPa, 200 kPa, 400 kPa, 800 kPa, 1200 kPa, 1600 kPa, 2400 kPa, and 3200 kPa. In accordance with the Standard of Geotechnical Test Method [35] , the samples were loaded step by step and each loading lasted for 24 h until the test was completed. The soil compression varying with time under each load were automatically collected by the displacement sensor. Foreign scholars had compared the strength of the soil samples at curing period of 1, 7, 14, 28 days, and found that the soil samples with different nanomaterial contents showed a similar trend of strength change: the greater the curing time, the higher the strength [36] . The main purpose of this study was to investigate the consolidation characteristics of clayey soil mixed with nano-bentonite. Relevant results are expected to be applied to the rapid in-situ modification of clayey soil. Therefore, the test samples were designed with one day curing time. In the next step study, the influence of curing time on the strength of soil samples will be systematically analyzed. The nanomaterial used in the experiments was high-purity nano-bentonite. It is a kind of fine white powder with high hydrophilicity and a large specific surface area (SSA). This nano-bentonite is produced by Zhejiang Fenghong New Material Co. Ltd. (Huzhou, China). The properties of the nano-bentonite are as follows: the specific gravity is 1.8; over 97% of soil particles are smaller than 74 µm; the bulk density is less than 0.3 g/cm 3 ; the SSA is 750 m 2 /g; the Cation Exchange Capacity (CEC) is 90 mol/100g; the interlayer spacing d 001 determined using XRD is 2.2 nm.
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Compression Characteristics
The compression curve reflects the deformation characteristics of soil under loading, which is important for settlement prediction. Figure 3 shows the relationship between the compression and consolidation pressure of the soil samples. It is found that the curve shapes of the soil compression with variations in consolidation pressure are similar, irrespective of whether nano-bentonite is added or not. The relationship between final compression and nano-bentonite mixing content is plotted in Figure 4 . The final compression of samples without nano-bentonite is the smallest, which is 5.2 mm. When the nano-bentonite mixing content is about 0.5%, the final compression of the soil sample reaches a peak value of 5.6 mm. When the nano-bentonite mixing content is higher, the compressibility decreases, but the final compression of the four groups of samples with nano-bentonite is larger than that of samples without nano-bentonite. For all the nano-bentonite mixed soil samples, the final compression is the smallest when the nano-bentonite mixing content is 2%. However, this value is still 5.2% higher than that of the samples without nano-bentonite. This shows that the final compression of the clayey soil is significantly enhanced by adding a small amount of nano-bentonite. The strength of the test sample increases with the addition of nano-bentonite, but at the same time, the settlement becomes larger. Thus, when this method was used to improve soil properties, its adverse effect on settlement need to be carefully considered. Meanwhile, the addition of nano-bentonite may cause a variation in permeability of the test samples, which will be discussed in the following part. The compression curve reflects the deformation characteristics of soil under loading, which is important for settlement prediction. Figure 3 shows the relationship between the compression and consolidation pressure of the soil samples. It is found that the curve shapes of the soil compression with variations in consolidation pressure are similar, irrespective of whether nano-bentonite is added or not. The relationship between final compression and nano-bentonite mixing content is plotted in Figure 4 . The final compression of samples without nano-bentonite is the smallest, which is 5.2 mm. When the nano-bentonite mixing content is about 0.5%, the final compression of the soil sample reaches a peak value of 5.6 mm. When the nano-bentonite mixing content is higher, the compressibility decreases, but the final compression of the four groups of samples with nanobentonite is larger than that of samples without nano-bentonite. For all the nano-bentonite mixed soil samples, the final compression is the smallest when the nano-bentonite mixing content is 2%. However, this value is still 5.2% higher than that of the samples without nano-bentonite. This shows that the final compression of the clayey soil is significantly enhanced by adding a small amount of nano-bentonite. The strength of the test sample increases with the addition of nano-bentonite, but at the same time, the settlement becomes larger. Thus, when this method was used to improve soil properties, its adverse effect on settlement need to be carefully considered. Meanwhile, the addition of nano-bentonite may cause a variation in permeability of the test samples, which will be discussed in the following part.
From Figure 4 , it can be seen that the influence of the nano-bentonite mixing content on the final void ratio of clayey soil is significant. When the nano-bentonite mixing content is 0.5%, the final void ratio of the samples with nano-bentonite reaches its lowest value, and the final void ratio of nanobentonite mixed clayey soil is smaller than pure soil. This indicates that the addition of a small amount of nano-bentonite can fill the voids between clay particles, therefore, the void ratio of clayey soil decreases. The e-p (e represents the soil void ratio, and p represents the effective pressure) and e-lgp (e represents the soil void ratio, lgp represents the logarithm of effective pressure) curves in Figures 5 and 6, respectively, show that the relationship between the void ratio and consolidation pressure is basically the same irrespective of the nano-bentonite mixing content addition. The compression index is calculated to be 0.404. With the increase in pressure, the soil void ratio decreases gradually. When the consolidation pressure is high, the decreasing trend of the soil void ratio slows down. Figure 6 From Figure 4 , it can be seen that the influence of the nano-bentonite mixing content on the final void ratio of clayey soil is significant. When the nano-bentonite mixing content is 0.5%, the final void ratio of the samples with nano-bentonite reaches its lowest value, and the final void ratio of nano-bentonite mixed clayey soil is smaller than pure soil. This indicates that the addition of a small amount of nano-bentonite can fill the voids between clay particles, therefore, the void ratio of clayey soil decreases.
The e-p (e represents the soil void ratio, and p represents the effective pressure) and e-lgp (e represents the soil void ratio, lgp represents the logarithm of effective pressure) curves in Figures 5  and 6 , respectively, show that the relationship between the void ratio and consolidation pressure is basically the same irrespective of the nano-bentonite mixing content addition. The compression index is calculated to be 0.404. With the increase in pressure, the soil void ratio decreases gradually. When the consolidation pressure is high, the decreasing trend of the soil void ratio slows down. Figure 6 shows that the initial stage of the curve drops in a gentle parabola tendency, and the back part exhibits a linear correlation with a certain slope. Curve fitting is conducted on the four groups of data, where the fitting curve of soil without nano-bentonite added is y=−0.165lnx + 2.21. When the nano-bentonite mixing content is 0%, 0.5%, 1%, 1.5%, and 2%, the corresponding slope of fitting curve is 0.165, 0.169, 0.173, 0.185, and 0.177, respectively. When the nano-bentonite mixing content is 1.5%, the value of the curve slope reaches the maximum, which shows that the compressibility of soil is high. The pre-consolidation pressure calculated from the e-lgp curve is 99.75 kPa [37] . The e-p (e represents the soil void ratio, and p represents the effective pressure) and e-lgp (e represents the soil void ratio, lgp represents the logarithm of effective pressure) curves in Figures 5  and 6 , respectively, show that the relationship between the void ratio and consolidation pressure is basically the same irrespective of the nano-bentonite mixing content addition. The compression index is calculated to be 0.404. With the increase in pressure, the soil void ratio decreases gradually. When the consolidation pressure is high, the decreasing trend of the soil void ratio slows down. Figure 6 shows that the initial stage of the curve drops in a gentle parabola tendency, and the back part exhibits a linear correlation with a certain slope. Curve fitting is conducted on the four groups of data, where the fitting curve of soil without nano-bentonite added is y=−0.165lnx + 2.21. When the nano-bentonite mixing content is 0%, 0.5%, 1%, 1.5%, and 2%, the corresponding slope of fitting curve is 0.165, 0.169, 0.173, 0.185, and 0.177, respectively. When the nano-bentonite mixing content is 1.5%, the value of the curve slope reaches the maximum, which shows that the compressibility of soil is high. The preconsolidation pressure calculated from the e-lgp curve is 99.75 kPa [37] . The compression coefficient is one of the critical parameter used to characterize soil compressibility. Compression coefficients of the test soil in various pressure ranges were calculated according to the e-p curves. Table 2 shows that the compression coefficient varies from 0.053 to 0.972. When the applied consolidation pressure was relatively small, both the void ratio and the The compression coefficient is one of the critical parameter used to characterize soil compressibility. Compression coefficients of the test soil in various pressure ranges were calculated according to the e-p curves. Table 2 shows that the compression coefficient varies from 0.053 to 0.972. When the applied consolidation pressure was relatively small, both the void ratio and the compression coefficient varied considerably with the nano-bentonite mixing content. With the increase in pressure, the void ratio of the test soil decreased and the compression coefficient also reduced accordingly; however, the influence of nano-bentonite mixing content on the compression coefficient is relatively small. The main reason is that the soil voids at low pressures are relatively large, and therefore the addition of nano-bentonite has a significant influence on the result. While at high pressures, the soil samples were compacted tightly, and effect of the nano-bentonite on compression coefficient is significantly weakened. It can be seen from Figure 4 that the effect of nano-bentonite mixing content on the change of the final void ratio of clayey soil is basically the same as that on the final compression amount, that is, the final void ratio of clayey soil with nano-bentonite is smaller than that of the samples without nano-bentonite, and the minimum void ratio of the soil samples without nano-bentonite is 0.87. When the nano-bentonite mixing content is 0.5%, the change of void ratio reaches the peak value, which is 0.83, 4.6% lower than that of the soil samples without nano-bentonite. And in the clayey soil with nano-bentonite, the maximum void ratio is 0.85, it is still 2.3% lower than that without nano-bentonite. At the same time, the addition of a small amount of nano-bentonite will fill the voids between the soil particles, thus reducing the clayey soil void ratio. Figure 4 shows that after the addition of nano-bentonite, as there is an increase of consolidation pressure, the final compression of the test soil increases, and the final void ratio decreases. This is because the addition of nano-bentonite changes the cohesion between clay particles, reduces the number and size of voids between soil particles, alters the soil microstructure, and thus improves the ability of clay to resist compressive deformation. The specific reason for this effect is that the nano-bentonite particles are very small, and the surface lattice structure is different from conventional materials. When it is mixed into the soil, the soil particles are combined and voids are filled, it will change the adhesion characteristics of soil particles, and form new cementation between soil particles, as shown in Figure 7 . The improvement of the microstructure can effectively improve the strength of the soil.
Consolidation Characteristics
The coefficient of consolidation is a parameter reflecting the drainage rate of soil during consolidation. According to the relationship between soil compression and time that acquired in the test, the coefficient of consolidation of samples with different nano-bentonite mixing contents under various loads can be obtained by using the time square root method [38] , as shown in Figure 8 . It is found that the coefficient of consolidation of the test soil varies in the range of 6.9 × 10 −3 to 1.8 × 10 −1 cm 2 ·s −1 . Under lower pressure, the coefficient of consolidation of the test soil decreases remarkably with the increase in pressure, range from about 1.4 × 10 −1 to 2.8 × 10 −2 cm 2 ·s −1 . As the pressure continues to increase, the coefficient of consolidation of the test sample decreases slightly. The relationship between coefficient of consolidation and void ratio is investigated, as shown in Figure 9 . The results show that the coefficient of consolidation of the soil sample decreases sharply with the decrease in void ratio. At the void ratio of 1.5~1.3, the reduction rate of the coefficient of consolidation is very significant. deformation. The specific reason for this effect is that the nano-bentonite particles are very small, and the surface lattice structure is different from conventional materials. When it is mixed into the soil, the soil particles are combined and voids are filled, it will change the adhesion characteristics of soil particles, and form new cementation between soil particles, as shown in Figure 7 . The improvement of the microstructure can effectively improve the strength of the soil. 
The coefficient of consolidation is a parameter reflecting the drainage rate of soil during consolidation. According to the relationship between soil compression and time that acquired in the test, the coefficient of consolidation of samples with different nano-bentonite mixing contents under various loads can be obtained by using the time square root method [38] , as shown in Figure 8 . It is found that the coefficient of consolidation of the test soil varies in the range of 6.9 × 10 -3 to 1.8 × 10 -1 cm 2 •s -1 . Under lower pressure, the coefficient of consolidation of the test soil decreases remarkably with the increase in pressure, range from about 1.4 × 10 -1 to 2.8 × 10 -2 cm 2 •s -1 . As the pressure continues to increase, the coefficient of consolidation of the test sample decreases slightly. The relationship between coefficient of consolidation and void ratio is investigated, as shown in Figure 9 . The results show that the coefficient of consolidation of the soil sample decreases sharply with the decrease in void ratio. At the void ratio of 1.5~1.3, the reduction rate of the coefficient of consolidation is very significant. Taking the consolidation pressure of 1800 kPa as an example, the influence of nano-bentonite mixing content on the coefficient of consolidation of the test soil was further studied, as shown in Figure 10 . For other pressures, the phenomenon is not as obvious as the 1800 kPa pressure, but the Void ratio e 0% 0.5% 1% 1.5% 2% Nano-bentonite content Taking the consolidation pressure of 1800 kPa as an example, the influence of nano-bentonite mixing content on the coefficient of consolidation of the test soil was further studied, as shown in Figure 10 . For other pressures, the phenomenon is not as obvious as the 1800 kPa pressure, but the pattern is similar. The results show that when the nano-bentonite mixing content is between 0.5% Void ratio e 0% 0.5% 1% 1.5% 2% Nano-bentonite content Taking the consolidation pressure of 1800 kPa as an example, the influence of nano-bentonite mixing content on the coefficient of consolidation of the test soil was further studied, as shown in Figure 10 . For other pressures, the phenomenon is not as obvious as the 1800 kPa pressure, but the pattern is similar. The results show that when the nano-bentonite mixing content is between 0.5% and 2%, the curve shows a non-linear increasing trend with the increase in nano-bentonite mixing content. When the nano-bentonite mixing content is 2%, the consolidation rate of clayey soil is the largest, and the coefficient of consolidation is about 2.14 times larger than the sample with 0.5% nano-bentonite mixing content. In the consolidation test, the coefficient of consolidation of the sample without nano-bentonite was 8.7 × 10 −3 cm 2 ·s −1 , which is 6.6 × 10 −3 cm 2 ·s −1 lower than that of the sample with 2% nano-bentonite mixing content. It seems that the consolidation rate is lower than that of pure soil, except for the soil with 2% nano-bentonite mixing content. This shows that adding an appropriate nano-bentonite mixing content to the soil can accelerate the consolidation rate. Compared with pure soil, when the nano-bentonite mixing content is less than 1.5%, the soil permeability is smaller. If the nano-bentonite mixing content is 2%, the permeability coefficient will be larger.
Sustainability 2020, 12, x FOR PEER REVIEW 10 of 16 Figure 10 . Relationships of the coefficient of consolidation Cv and the permeability coefficients k with different nano-bentonite mixing contents. Cv is the coefficient of consolidation of soil, Cv0.5 (or Cv2) means the coefficient of consolidation of soil with the nano-bentonite mixing content of 0.5% (or 2.0%). k is the permeability coefficient of clay, k0.5 (or k2) means the permeability coefficient of soil with the nano-bentonite mixing content of 0.5% (or 2.0%). P is the consolidation pressure.
Secondary Consolidation Characteristics
For clayey soil, secondary consolidation is significant, which will lead to large post-construction settlement in engineering practices. The long-term foundation settlement due to secondary consolidation cannot be ignored in most cases. In terms of mechanism, the secondary consolidation of clayey soil is a slow deformation process caused by creeping of bound water film on the soil particle surface and the rearrangement of soil particles. This phenomenon usually occurs when the excess pore water pressure is fully dissipated, and the effective pressure is substantially stable.
The coefficient of secondary consolidation of soil can be calculated from the slope of the back section of the curve of void ratio versus log time. Figure 11 shows the coefficient of secondary consolidation of the test soil with different nano-bentonite mixing contents. It is shown that the coefficient of secondary consolidation varies from 0.3 × 10 −3 to 8.9 × 10 −3 , and its law of change with consolidation pressure is as follows: when the consolidation pressure is less than 500 kPa, the coefficient of secondary consolidation increases significantly with the increase in pressure; when the consolidation pressure is greater than 500 kPa, the coefficient of secondary consolidation varies within a small range with the increase of consolidation pressure. This is because when the consolidation pressure is low, as the pressure increases, the consolidation deformation of the clayey soil becomes less obvious, whereas the secondary consolidation effect gradually dominates the deformation process. However, as the pressure continues to increase, the clayey soil is tightly 10 . Relationships of the coefficient of consolidation C v and the permeability coefficients k with different nano-bentonite mixing contents. C v is the coefficient of consolidation of soil, C v0.5 (or C v2 ) means the coefficient of consolidation of soil with the nano-bentonite mixing content of 0.5% (or 2.0%). k is the permeability coefficient of clay, k 0.5 (or k 2 ) means the permeability coefficient of soil with the nano-bentonite mixing content of 0.5% (or 2.0%). P is the consolidation pressure.
The coefficient of secondary consolidation of soil can be calculated from the slope of the back section of the curve of void ratio versus log time. Figure 11 shows the coefficient of secondary consolidation of the test soil with different nano-bentonite mixing contents. It is shown that the coefficient of secondary consolidation varies from 0.3 × 10 −3 to 8.9 × 10 −3 , and its law of change with consolidation pressure is as follows: when the consolidation pressure is less than 500 kPa, the coefficient of secondary consolidation increases significantly with the increase in pressure; when the consolidation pressure is greater than 500 kPa, the coefficient of secondary consolidation varies within a small range with the increase of consolidation pressure. This is because when the consolidation pressure is low, as the pressure increases, the consolidation deformation of the clayey soil becomes less obvious, whereas the secondary consolidation effect gradually dominates the deformation process. However, as the pressure continues to increase, the clayey soil is tightly compacted, and therefore the secondary consolidation is weakened. The relationship between the nano-bentonite mixing content and the coefficient of secondary consolidation is shown in Figure 12 . Under high pressure condition, the addition of nano-bentonite in clayey soil has a significant effect on the coefficient of secondary consolidation. With the increase in the nano-bentonite mixing content, the coefficient of secondary consolidation increases continuously and reaches its peak value when the nano-bentonite mixing content is 1.5%. This indicates that the size and shape of voids in the clayey soil may change due to the physical filling effect of nano-bentonite particles. The rearrangement of the soil structure and creeping of the bound water film in the nano-bentonite mixed soil are slower that the pure soil in the secondary consolidation stage. Indeed, this effect is not obvious at the pressure of 500 kPa or lower, which may be due to the fact that under low pressures, the nano-bentonite particles have little effect on the soil skeleton. 
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Soil permeability has an essential influence on the consolidation and strength of soil, which will seriously affect the safety of geotechnical infrastructures. Therefore, it is necessary to study the permeability of nano-bentonite mixed soil. According to Terzaghi's one-dimensional consolidation 
Soil permeability has an essential influence on the consolidation and strength of soil, which will seriously affect the safety of geotechnical infrastructures. Therefore, it is necessary to study the permeability of nano-bentonite mixed soil. According to Terzaghi's one-dimensional consolidation theory [39] , the relationship between the permeability coefficient and coefficient of consolidation is
where k is the permeability coefficient of the soil, a v is the compressibility coefficient, e 0 is the initial void ratio of soil, and γ w is the specific weight of water. All the samples show similar behavior, independent of the additive content. The permeability coefficient obtained from Equation (1) was used to study the permeability with nano-bentonite mixed soil. Figure 13 shows the variation of permeability coefficient with the change in consolidation pressure. It is found that the permeability coefficient varies in the order of 10 −6 to 10 −4 cm·s −1 , and is greatly influenced by consolidation pressure. In the whole test process, the permeability coefficient decreases with the increase in consolidation pressure. It is also found that the permeability coefficient of the clayey soil samples decreases significantly when the consolidation pressure is low, ranging from 4.5 × 10 −4 to 6 × 10 −5 cm·s −1 . As the pressure continues to increase, the permeability coefficient tends to stabilize. 
where k is the permeability coefficient of the soil, is the compressibility coefficient, is the initial void ratio of soil, and is the specific weight of water. All the samples show similar behavior, independent of the additive content. The permeability coefficient obtained from Equation (1) was used to study the permeability with nano-bentonite mixed soil. Figure 13 shows the variation of permeability coefficient with the change in consolidation pressure. It is found that the permeability coefficient varies in the order of 10 −6 to 10 −4 cm·s −1 , and is greatly influenced by consolidation pressure. In the whole test process, the permeability coefficient decreases with the increase in consolidation pressure. It is also found that the permeability coefficient of the clayey soil samples decreases significantly when the consolidation pressure is low, ranging from 4.5 × 10 −4 to 6 × 10 −5 cm·s −1 . As the pressure continues to increase, the permeability coefficient tends to stabilize. The soil permeability is closely related to its void ratio. As shown in Figure 14 , the permeability coefficient significantly reduces with the decrease of the void ratio. By fitting the e-lgk curve, it is found that the relationship between the void ratio e and logarithm of permeability coefficient is approximately linear, which indicates that the void ratio plays a dominant role in affecting soil permeability [40] . At the nano-bentonite mixing content of 2%, the linear relationship can be expressed as follows: lnk = 8.7275e−4.27. The soil permeability is closely related to its void ratio. As shown in Figure 14 , the permeability coefficient significantly reduces with the decrease of the void ratio. By fitting the e-lgk curve, it is found that the relationship between the void ratio e and logarithm of permeability coefficient is approximately linear, which indicates that the void ratio plays a dominant role in affecting soil permeability [40] . At the nano-bentonite mixing content of 2%, the linear relationship can be expressed as follows: lnk = 8.7275e When the consolidation pressure is 1800 kPa, the influence of nano-bentonite on the permeability coefficient of the soil samples is shown in Figure 10 . When the nano-bentonite mixing content is between 0.5% and 2%, the influence of the nano-bentonite mixing content on the permeability coefficient is similar to that of the coefficient of consolidation. That is, with the increase in nanobentonite mixing content, the curve of permeability coefficients shows a non-linear increasing trend. The permeability coefficient of clayey soil with 2% nano-bentonite mixing content is 3.15 times higher than that with 0.5% nano-bentonite mixing content. To better compare the influence of nanobentonite on the permeability coefficient, the permeability coefficient results of soil with 0% and 2% nano-bentonite addition under low and high pressure ranges were presented in Figure 15 . It is seen in Figure 15a that the permeability coefficient decreases with the addition of nano-bentonite at low consolidation pressures, while the difference becomes less obvious with the increase of pressure. The reason is because nano-bentonite particles have little effect on the soil skeleton under low pressure. At a higher pressure (more than 500 kPa), the permeability coefficient of nano-bentonite mixed soil is higher, which indicates that nano-bentonite contributes to permeability modification of soil. Based on the above findings, it is concluded that, with the increase of consolidation pressure, the permeability coefficient of the clayey soil shows a decreasing trend. This is because under low consolidation pressure, the porous flow in the clayey soil is mainly dominated by free water and bound water. With the dissipated of pore water pressure, the void ratio changes significantly, resulting in a substantial change in the k value. Under high consolidation pressure, the porous flow of clayey soil is mainly dominated by bound water. At this time, the pore water is hard to drain, showing a characteristic that the permeability change is small and tends to be stable. The influence When the consolidation pressure is 1800 kPa, the influence of nano-bentonite on the permeability coefficient of the soil samples is shown in Figure 10 . When the nano-bentonite mixing content is between 0.5% and 2%, the influence of the nano-bentonite mixing content on the permeability coefficient is similar to that of the coefficient of consolidation. That is, with the increase in nano-bentonite mixing content, the curve of permeability coefficients shows a non-linear increasing trend. The permeability coefficient of clayey soil with 2% nano-bentonite mixing content is 3.15 times higher than that with 0.5% nano-bentonite mixing content. To better compare the influence of nano-bentonite on the permeability coefficient, the permeability coefficient results of soil with 0% and 2% nano-bentonite addition under low and high pressure ranges were presented in Figure 15 . It is seen in Figure 15a that the permeability coefficient decreases with the addition of nano-bentonite at low consolidation pressures, while the difference becomes less obvious with the increase of pressure. The reason is because nano-bentonite particles have little effect on the soil skeleton under low pressure. At a higher pressure (more than 500 kPa), the permeability coefficient of nano-bentonite mixed soil is higher, which indicates that nano-bentonite contributes to permeability modification of soil. When the consolidation pressure is 1800 kPa, the influence of nano-bentonite on the permeability coefficient of the soil samples is shown in Figure 10 . When the nano-bentonite mixing content is between 0.5% and 2%, the influence of the nano-bentonite mixing content on the permeability coefficient is similar to that of the coefficient of consolidation. That is, with the increase in nanobentonite mixing content, the curve of permeability coefficients shows a non-linear increasing trend. The permeability coefficient of clayey soil with 2% nano-bentonite mixing content is 3.15 times higher than that with 0.5% nano-bentonite mixing content. To better compare the influence of nanobentonite on the permeability coefficient, the permeability coefficient results of soil with 0% and 2% nano-bentonite addition under low and high pressure ranges were presented in Figure 15 . It is seen in Figure 15a that the permeability coefficient decreases with the addition of nano-bentonite at low consolidation pressures, while the difference becomes less obvious with the increase of pressure. The reason is because nano-bentonite particles have little effect on the soil skeleton under low pressure. At a higher pressure (more than 500 kPa), the permeability coefficient of nano-bentonite mixed soil is higher, which indicates that nano-bentonite contributes to permeability modification of soil. Based on the above findings, it is concluded that, with the increase of consolidation pressure, the permeability coefficient of the clayey soil shows a decreasing trend. This is because under low consolidation pressure, the porous flow in the clayey soil is mainly dominated by free water and bound water. With the dissipated of pore water pressure, the void ratio changes significantly, resulting in a substantial change in the k value. Under high consolidation pressure, the porous flow of clayey soil is mainly dominated by bound water. At this time, the pore water is hard to drain, showing a characteristic that the permeability change is small and tends to be stable. The influence Void ratio e 0% 0.5% 1% 1.5% 2% Nano-bentonite content Figure 15 . Curves of the permeability coefficient versus consolidation pressure: (a) permeability coefficient of soil with a consolidation pressure of 0-500 kPa, and (b) permeability coefficient of soil with a consolidation pressure of 500-3000 kPa.
Based on the above findings, it is concluded that, with the increase of consolidation pressure, the permeability coefficient of the clayey soil shows a decreasing trend. This is because under low consolidation pressure, the porous flow in the clayey soil is mainly dominated by free water and bound water. With the dissipated of pore water pressure, the void ratio changes significantly, resulting in a substantial change in the k value. Under high consolidation pressure, the porous flow of clayey soil is mainly dominated by bound water. At this time, the pore water is hard to drain, showing a characteristic that the permeability change is small and tends to be stable. The influence of nano-bentonite on the permeability coefficient is as follows: when the nano-bentonite mixing content is 0.5%-2%, the curve shows a non-linear increasing trend with the increase in the nano-bentonite mixing content. The permeability coefficient of the test soil with nano-bentonite is higher than the pure soil under high pressure. This is because adding nano-bentonite changes the bonding interaction between clay particles, forming new cementation between clay particles, playing a good bridge role, providing a new channel for water discharge, and promoting drainage consolidation [41] . Under high pressure, nano-bentonite bears, transfers, and disperses part of the pressure, and sufficient hydration and a hardening reaction occur between the clayey soil particles, which improves the hydration speed of the clay particles and is conducive to the drainage consolidation of the clay. Under low pressure, the results are different from high pressure. The effect of the nano-bentonite mixing content on the soil structure is only obvious under high pressure. When the pressure is low, the effect is not obvious.
Conclusions
In this paper, the one-dimensional consolidation characteristics of nano-bentonite mixed clayey soil were investigated through laboratory experiments. The influence of the nano-bentonite mixing content on the compression coefficient, coefficient of consolidation, coefficient of secondary consolidation, and permeability coefficient was analyzed. The following conclusions are drawn:
(1) Mixing 0.5% to 2% nano-bentonite into the clayey soil has little effect on the original consolidation characteristics. However, when the consolidation pressure increases gradually, the final settlement, coefficient of secondary consolidation, and coefficient of consolidation of the clayey soil with the addition of nano-bentonite all show an increasing trend, and the test soil has a larger permeability coefficient under high pressure, which indicates that the addition of nano-bentonite accelerates the drainage consolidation of the clayey soil.
(2) After adding a small amount of nano-bentonite, the clayey soil exhibits different consolidation characteristics. When the nano-bentonite mixing content is 0.5%, the final settlement reaches a maximum, and the final void ratio is the smallest. Under high pressure conditions, the consolidation and permeability coefficients increase with the increase in nano-bentonite mixing content, which indicates that nano-bentonite has modified the consolidation and permeability characteristics of clay.
(3) The mechanism of consolidation and permeability of nano-bentonite mixed soil is mainly manifested in the cementation filling effect of nano-bentonite. The addition of nano-bentonite changes the adhesion and bonding between clay particles. At the same time, the number of voids between clay particles reduces and the size of the voids become smaller. The new cementation between clay particles rearranges the microstructure of the clayey soil. As such, the ability of the clayey soil to resist compression deformation is improved.
